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Introduction 23
In Europe, mountain meadows represent one of last remnant of exceptionally diverse semi-24 natural grassland types (Veen et al., 2009 ). However two new management practices are 25 spreading in alpine regions and threaten these biodiversity rich habitats: irrigation with 26 sprinkler and fertilisation with liquid manure (Maurer et al., 2006; Riedener et al., 2013) . 27
Both of these practices modify the vegetation community and structure which in turn affects 28 the arthropod populations (Andrey et al., 2014; Schwab et al., 2002) . Arthropods play an 29 important role in grassland systems and beyond; they provide or at least participate in a range 30 of ecosystem services such as pollination, decomposition process or pest control (e.g. Sutter 31
and Albrecht, 2016) and are primordial food items for many vertebrates (e.g. Arlettaz, 1996 ; 32 Wilson et al., 1999) . This underlines the importance to preserve their abundance and 33 diversity. So far fertilisation has been shown to have a negative impact on arthropod species The goal of the present study was to assess the response of orthopteran species 43 richness and density to gradual levels of fertilisation and irrigation in montane and subalpine 44 meadows. In these grasslands, orthopterans represent the most important insect group in term 45 of biomass (Blumer and Diemer, 1996) . They are a key component of the diet of many 46 insectivorous species and an important decline in their density would have cascading effect on 4 higher trophic level (Britschgi et al., 2006; Vickery et al., 2001 ). In addition, orthopterans are 48 recognized bioindicators for grasslands as they readily respond to management changes (Buri 49 et al., 2013) and are sensitive to a set of vegetation parameters (Le Provost et al., 2017) . First, 50 orthopterans are sensitive to microclimate (Löffler and Fartmann, 2017) which varies with 51 vegetation height and density (Song et al., 2013) . As ectotherms organisms, their development 52 rate, body size, reproductive success and other physiological processes are depending on 53 temperature. Each species has its own thermal sensitivity: for example eurythermal species 54 such as Pseudochorthippus parallelus are very tolerant and can adapt to a range of 55 microclimatic conditions while thermophilous species such as Stenobothrus lineatus are 56 restricted to warm and dry habitats (van Wingerden et al., 1991; Willott and Hassall, 1998) . 57
Microclimatic conditions influence thus the orthopteran community. Second, the habitat 58 diversity hypothesis stipulates that more diverse a habitat is the more species it is likely to 59 host (Báldi, 2008) . At an orthopteran scale microhabitat diversity is function of the vegetation 60 structural heterogeneity which is to some extent correlated with plant diversity (e.g. Morris, 61 2000; Woodcock et al., 2009 ) and vegetation height (Andrey et al., 2014) . Finally food 62 availability is a limiting factor for the expansion of any organism. A sufficient proportion of 63 grass is essential to maintain Caelifera (grasshoppers) density as they almost exclusively feed 64 on it (Ibanez et al., 2013) . Ensifera (bush crickets) on their side have a more diversified diet 65 composed of small invertebrates and grasses and are thus less dependent on specific food 66 resources (Baur et al., 2006) . The first aim of the present study was to investigate how 67 orthopteran populations respond to gradual level of irrigation and fertilisation and to 68 determine whether an optimum management intensity maximising both density and species 69 richness exists. The second aim was to measure the changes in vegetation height and 70 aboveground temperatures induced by intensification, and to determine whether orthopteran 71 responses can be explained by these changes. 72
In the short term fertilisation has been shown to increase vegetation structure and 73 phytomass production (Andrey et al., 2014) while in the long term it induces a loss of plant 74 species richness and a homogenisation of the vegetation cover (e.g. Lessard In 2010, within each meadows (n = 12), six different management treatments were randomly 99 allocated to plots of 20 m in diameter spaced from each other by at least 5 m. The first plot 100 served as a control (C). The second and third plots were only irrigated (I) or fertilised (F), and 101 the fourth to sixth plots were irrigated and fertilised (I+F; received respectively two-thirds and one-third of the maximum fertilisation dose. It has been 108 decided to follow these prescriptions in order to obtain results within realistic agronomical 109 systems. Fertiliser consisted of organic dried manure NPK pellets (MEOC SA, 1906 Charrat, 110 Switzerland), and mineral potassium oxide (K 2 O) dissolved in water to reach the equivalent of 111 standard-farm liquid manure consisting namely of 2.4 kg of usable nitrogen, 2 kg of 112 phosphate (P 2 O 5 ), and 8 kg of potassium oxide (K 2 O) per m 3 of solution. Every year the plots 113 were fertilised once in early spring and once after the first cut (June or July), each time half of 114 the annual fertiliser amount was applied (except for the 1/3-plots that were fertilised only 115 once in spring). Treatments I and I + F were additionally irrigated weekly from mid-May to 116 end of August, except when heavy rainfall occurred (≥20 mm over the previous week). 117
Irrigation thresholds were chosen on the basis of Calame Calame et al. (1992) experiment. 118 Accordingly I and I+F 2/3 matched the recommendation for the best profitability of water 119 input (20 mm/week) while low-intensive (I+F 1/3) and high-intensive (I+F 3/3) management 120 treatments received respectively half and one and an half of this dose (Table 1) . 121
Orthopterans sampling 123
Orthopterans were sampled in 2013 with a biocenometer (open trap) made of a net fastened 124 around a strong circular wire so as to provide a total capture area of 1 m 2 (as described in 125 Humbert et al., 2012) . Two sampling sessions were performed: one shortly before the first cut 126 (between 12 June and 12 July) and one 4-6 weeks after it (between 13 August and 31 127 August). The date at which meadows were sampled was function of their elevation. During 128 both sessions, eight samples were regularly taken per treatment plot. All the individuals 129 trapped within the biocenometer were caught and identified on site. Adults were identified to 130 species level while juveniles were classified into suborders (Caelifera or Ensifera). All 131 samplings were done on sunny days between 10 am and 5 pm. Products/Dallas) were used, which are self-sufficient systems measuring and recording 142 temperature in 0.5 °C increment. In each plot one of those device was randomly placed at 5 m 143 from the centre, fixed on a stick 10 cm above the ground. I-buttons recorded temperature 144 hourly from beginning of May to end of August. They were removed shortly before the first 145 cut and replaced within a few days. The data from the ten days following mowing event were 146 removed from the analysis to reduce noise due to the manipulation of the devices. Average daily temperature was calculated as the mean temperature between 12 am and 4 pm while 148 average nocturnal temperature was calculated as the mean temperature between 12 pm and 4 149 am. analysis, the water and slurry inputs were treated as two continuous variables with four levels: 169 control with no input = 0; I+F 1/3 = 1; I, F and I+F 2/3 = 2; and I+F 3/3 = 3. As a first step, a 170 set of candidate models was developed. Candidate models always included slurry and water 171 inputs as two independent variables, and then their effects on orthopterans were either direct, indirect through vegetation height or aboveground temperature, or both. In addition, the 173 number of paths was set to maximum four which led to a total of twenty candidate models 174 (see Appendix 2 for a graphical representation of all SEM candidate models). Second, all 175 models were ran and kept only if the overall fit of the respective model was satisfactory. To per m 2 during the second sampling session. Treatments were found to have significant effects 10 on Caelifera densities while none were detected on Ensifera. Note that low densities of 198 Ensifera limited the power of the analysis on this suborder. 199
Before mowing the highest Caelifera densities were found within C-plots, mean ± 200 standard error (SE) = 8.42 ± 2.73, that hosted ~30-40% more individuals than I-plots (5.68 ± 201 2.05, P = 0.016) and F-plots (4.77 ± 1.82, P < 0.001) and >70% more individuals than I+F 202 1/3-plots (2.43 ± 0.66, P < 0.001), I+F 2/3-plots (2.02 ± 0.87, P < 0.001 ) and I+F 3/3-plots 203
(2.26 ± 0.81, P < 0.001; see Fig. 1a and Appendix 3 for detailed model outputs). Concerning 204 the Ensifera, the highest densities were found within F-plots (0.94 ± 0.16) and the lowest 205 within I+F 3/3-plots (0.45 ± 0.14), though differences were not statistically significant ( Ensifera densities did not differed across treatments (Fig. 1c, Fig. 1d and Appendix 3). 209 210
Orthopteran species richness 211
A total of 21 species was recorded within all plots, seven of which were Ensifera and fourteen 212 of which were Caelifera (see Appendix 1 for detailed list). The minimum number of species 213 found within a plot was one and the maximum was nine. Management practices significantly 214 affected the Caelifera species richness. The highest Caelifera species richness was found 215 within C-plots (4.6 ± 0.5), that hosted similar species number than I-plots (4.25 ± 0.5) and F-216 plots (4.2 ± 0.5) but ~30% more species than I+F 1/3-plots (3.2 ± 0.5, P < 0.001) and I+F 2/3-217 plots (3.5 ± 0.5, P = 0.004) and 50% more species than I+F 3/3-plots (2.3 ± 0.4, P < 0.001; 218 see Fig. 2a and Appendix 4 for detailed model outputs). Contrariwise, no significant effects 219 were detected on the Ensifera species richness (see Fig. 2b and Appendix 4). 220
Before mowing vegetation stratum height was the tallest in I+F 3/3-plots (61.8 cm ± 3.5 cm), 223 it was slightly shorter in I+F 1/3-plots (52.1 ± 7.7, P = 0.016), I+F 2/3-plots (51.9 ± 2.3, P = 224 0.080) and F-plots (49.9 ± 3.4, P = 0.023) while it grew half less in C-plots (31.8 ± 2.9, P < 225 0.001) and I-plots (36.9 ± 3.1, P < 0.001; see Fig. 3a and Appendix 5 for detailed model 226 outputs). After mowing the same trend was observed with tallest sward found within I+F 3/3-227 plots (24.2 ± 2.0), followed by I+F 2/3-plots (18.3 ± 2.2, P = 0.006) and then I+F 1/3-plots 228 (14.0 ± 2.2, P < 0.001), F-plots (12.8 ± 2.2, P < 0.001) and I-plots (12.3 ± 1.2, P < 0.001), 229 while C-plots vegetation (9.0 ± 2.2, P < 0.001) was more than twice shorter ( Fig. 3b and 230
Appendix 5). 231 232
Temperature 233
Before mowing, mean diurnal aboveground temperature was the warmest in C-plots (22.4 ± 234 0.9 °C), then temperatures in I-plots (20.9 ± 0.7), I+F 1/3-plots (20.6 ± 1.4), I+F 2/3-plots 235 (20.5 ± 0.6) and F-plots (20.3 ± 0.7) were 1.5-2.1 °C colder (all P < 0.05 except for I-plots) 236
while it was over 4.2 °C colder in I+F 3/3-plots than in C-plot (18.2 ± 0.5, P < 0.001). See 237 After mowing, diurnal aboveground temperature was the highest in C-plots (29.9 ± 241 0.9) and F-plots (30.2 ± 0.9). I+F 1/3-plots (29.5 ± 1.2), I+F 3/3-plots (28.5 ± 1.4), I-plots 242 (28.4 ± 0.7) and I+F 2/3-plots (28.3 ± 1.1) were respectively 0.4 to 1.7 °C colder than C-plots, 243 but differences were not statistically significant ( Fig. 3b and Appendix 6). Treatments did 244 affect nocturnal temperatures but differences were not biologically relevant (in order of 0.1-245 0.2 °C) and are thus not further discussed. 246
Structural equation modeling (SEM) 248
As treatments did not affect Ensifera densities nor species richness SEMs were run only on 249 Caelifera. Before mowing the best SEM model (chi-square = 0.084, d.f. = 1, P = 0.772; CFI = 250 1; RMSEA < 0.001; SRMR = 0.006) explaining changes in Caelifera densities included both 251 indirect effects of slurry and water inputs through vegetation height plus a direct effect of 252 water input (Fig. 5a ). The best SEM models explaining Caelifera densities after mowing (chi-253 square = 0.612, d.f. = 1, P = 0.434; CFI = 1; RMSEA < 0.001; SRMR = 0.013) and Caelifera 254 species richness (chi-square = 0.612, d.f. = 1, P = 0.434; CFI = 1; RMSEA < 0.001; SRMR = 255 0.014) were the same. They included both direct effects of slurry and water inputs plus an 256 indirect effect of water input through aboveground temperature measured after mowing ( Fig.  257 5b and 5c). However, for the density after mowing, only one path was statistically significant; 258 i.e. the effect of water input on aboveground temperature. For species richness the direct 259 effect of slurry input on Caelifera species richness was significant, as well as the effect of 260 water input on aboveground temperature coupled with a non-significant effect (P = 0.253) of 261 aboveground temperature on Caelifera species richness. For Caelifera species richness, all 262 combination of SEM models with vegetation height and aboveground temperature measured 263 before and after the first mowing were tried. 264 265
Discussion 266
This study shows that mountain grassland fertilisation and irrigation combined, greatly affects 267 Caelifera (grasshoppers) by decreasing their densities and species richness, but that the use of 268 irrigation only (at two-thirds of the maximum dose) has relatively limited impacts. On the 269 other hand, overall Ensifera (bush crickets) densities and species richness did not respond to 270 the management treatments. This study also demonstrates that intensification practices induce 271 an important drop in aboveground temperatures parallel to an increase in vegetation heights. 
Effects on orthopteran densities 299
Different responses were observed between the two suborders. Before mowing Caelifera 300 densities were respectively 30 to 40% lower in plots that had been either irrigated or fertilised. 301
The combination of both inputs was even worse leading to over 70% reduction in density 302 regardless of quantities applied (i.e. densities were divided by three). Our SEM indicates that 303 this negative effect is due to a combination of a direct negative effect of water input and an 304 indirect effect of slurry input through vegetation height. As most individuals were low-mobile 305 larvae during the first sampling session their distribution reflects their birth place. Therefore 306 reasons for differences could be one or a combination of following factors: 1) females 307 favoured lower sward sites to oviposit; 2) larval development was altered and survival rate 308 was lower in plots with tall vegetation (Willott and Hassall, 1998) were not directly related to number found during the first sampling session. Nevertheless, we 319 observed that generalist species such as P. parallelus dispersed more or less evenly across the 320 plots while the specialized thermophilous species such as S. lineatus or Omocestus 321 haemorrhoidales recolonized the warmest plots. A boom in Caelifera eggs hatching probably occurred in the days following mowing due to warmer microclimate as about half of the 323 individuals sampled during the second session were still at larval stage. After mowing 324 Ensifera were slightly, though not statistically, more numerous in more intensively managed 325 plots and there were virtually no more larvae. This pattern was due to the preponderant 326 presence of adults Tettigonia viridissima and Roeseliana roeselii that favoured the tall swards 327 found in intensified plots. However densities remained very low with less than 0.5 Ensifera 328 per m 2 . 329
We had hypothesized that at moderate management intensity level orthopteran 330 densities would be maximized, benefiting from increased food supply without being impacted 331 by microclimate changes (Hudewenz et al., 2012) . However, results are not in accordance 332 with our hypothesis. Overall results seem to indicate that in the investigated mountain 333 meadows food resource is not a limiting factor for Caelifera while temperature might be. 334 335
Effects on orthopteran species richness 336
Highest Caelifera species richness was found in the control plots and was maintained in plots 337 that were either irrigated or fertilised but the combination of both inputs had detrimental 338 effects: species loss reached 50% in the most intensive plots, i.e. richness was divided by two. on the other hand they become a threat to biodiversity when too much inputs are applied (this 386 study). 387
In contrast to observational studies, the experimental approach adopted in this study 388 has the advantage that measured differences between treatments were not affected (biased) by 389 environmental parameters such as soil, elevation or surrounding landscape, neither by climate 390 or past management history. In addition, results are based on controlled, quantitatively based, 391 levels of grassland irrigation and fertilisation that are related to what is done in the practice. 392
On the other hand it has some limitations due to the size and proximity of the plots that could 393 have blurred the signal. Despite the close proximity of the experimental plots, very clear 394 evidences that intensification lower both Caelifera densities and species richness were found, 395 which are then conservative findings. 396
Results demonstrate that the use of irrigation input alone has moderate impacts on 397 orthopterans and on microclimate while the combination of irrigation and fertilisation inputs 398 is harmful to orthopterans even at low dose. The first finding is good news for all stakeholders 399 (including farmers, conservationists and policy-makers) as irrigation alone can increase hay 400 yield without affecting biodiversity (see also Jeangros and Bertola, 2000; Riedener et al., 401 2013) and is allowed in subsidized extensively managed meadows registered under Swiss 402 agri-environment schemes. On the other hand fertilisation alone and the combination of both 403 inputs must be forbidden in grasslands where conservation of invertebrate and vertebrate 404 fauna is of concern as a drop in grassland The second important contribution of this study is the quantitative assessment of 414 changes in microhabitat and -climate induced by intensification. The effective cooling (more 415 than 4 °C at 10 cm above ground) measured exceeded expectations and can have huge 416 impacts on the development of local micro-fauna (Logan et al., 2006) . While we acknowledge 417 that we only prove a causal connection between changes in vegetation height and Caelifera 418 densities before mowing, aboveground temperature was retained (regardless of its non-419 statistically significant last path) in the best SEMs to explain Caelifera density after mowing 420 and species richness, and the models showed very good fitting properties. In addition there was a strong negative correlation between vegetation height and sward temperature which 422 highlights that both effects can hardly be separated. 423 Table 1 : Management practices applied to the six different experimental treatment plots. 589
Abbreviations for treatments: C = control; F = fertilised; I = irrigated; F+I 1/3, F+I 2/3 and 590 F+I 3/3 = fertilised and irrigated at respectively 1/3, 2/3 or 3/3 of the maximum dose. The 591 exact 3/3 dose of fertiliser applied at each site followed the management norm recommended 592 to achieve maximum hay yield at a given locality, and were classed in three groups. Note that 593 I and F, received the same amount of water or fertiliser as I+F 2/3. figure 3 in the article. The fixed factors were the experimental treatments (C = control plots; F = fertilised; I = irrigated; I+F 1/3 = irrigation and fertilisation at low dose; I+F 2/3 = irrigation and fertilisation medium at dose; I+F 3/3 = irrigation and fertilisation at high dose). The random factors were the study sites. Parameter estimates (differences between expected mean) are given for paired regime comparisons and significant differences are highlighted in bold. 
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